Objective: Biallelic TSHR mutations cause congenital hypothyroidism (CH). Serum TSH levels of monoallelic mutation carriers range from normal to mildly elevated, and thus the size of its effect remains unclear. The objectives were to examine the association between monoallelic TSHR mutations and positivity at newborn screening (NBS) for CH, and to test whether the association was modified by another genetic factor. Subjects and methods: We enrolled 395 patients that had a positive result in NBS and sequenced TSHR. Monoallelic TSHR mutation carriers were further sequenced for DUOX2. Molecular functions of the mutations were verified in vitro. The frequency of the mutations in the study subjects was compared with a theoretical value in the Japanese general population. Odds ratio (OR) for NBS positivity associated with the mutation was calculated. Using Bayes' theorem, we estimated a posterior probability of NBS positivity given the mutation. Results: Twenty-six monoallelic TSHR mutation carriers were found. Four out of the 26 also had a monoallelic DUOX2 mutation (double heterozygotes). The frequencies of monoallelic TSHR mutation carriers (6.6%) and double heterozygotes (1.0%) were significantly higher than those in the general population (0.58% and 0.0087%, respectively). OR for NBS positivity of having a monoallelic TSHR mutation or being a double heterozygote was 12.0 or 117.9, respectively. Posterior probability of NBS positivity was 0.38% in monoallelic TSHR mutation carriers and 3.8% in double heterozygotes. Conclusions: Monoallelic TSHR mutations are significantly associated with NBS positivity, and the association is further strengthened by the coexistence of monoallelic DUOX2 mutations.
Introduction
Congenital hypothyroidism (CH) is the deficiency of thyroid hormone production that affects infants from birth. Thyroid hormone deficiency in early infancy leads to irreversible intellectual disability. Because early diagnosis and treatment can prevent the disability, most developed countries have introduced newborn screening (NBS) for CH (1) . The implementation of CH screening has enabled physicians to find mild CH cases (also known as hyperthyrotropinemia) in which no obvious CH-related pathologies are observed (2) . However, the pathogenesis underlying such mild CH cases remains largely unknown, and we hypothesize that multiple genetic factors are involved.
The thyroid hormone-producing capacity is regulated by thyroid-stimulating hormone (TSH)/ TSH receptor signaling. Sunthornthepvarakui and coworkers (3) reported that CH occurred by inactivating TSH receptor gene (TSHR) mutations that follows autosomal recessive inheritance. Currently, more than 50 CH patients with biallelic TSHR mutations have been reported (4) . Additionally, more than 100 cases with monoallelic (i.e. heterozygous) TSHR mutation, including parents and siblings of patients with biallelic TSHR mutation, have been reported (5, 6, 7, 8, 9, 10) . Approximately 20% of the reported monoallelic TSHR mutation carriers had moderate or high-serum TSH levels (10-70 mU/L) (7, 8, 9, 10) . Another evidence linking monoallelic TSHR mutations and TSH elevation is frequent detection of monoallelic mutation carriers in patients with nonautoimmune hypothyroidism (8, 9, 11) . In several reports, TSHR mutations were regarded as an autosomal dominant trait (12, 13) .
Considering that the frequency of monoallelic TSHR mutation (1:172 in Japan (10) ) is much higher than NBS positivity (approximately 1:3000 in Japan), it is reasonably assumed that the proportion of monoallelic TSHR mutation carriers among NBS-positive individuals would be higher if monoallelic TSHR mutations cause TSH elevation with high penetrance. However, in fact, the proportion of monoallelic TSHR mutation carriers in NBSpositive individuals is only 3-12% (9, 10) . This indicates that only a minor fraction of monoallelic TSHR mutation carriers would have NBS positivity. Thus, we hypothesized that monoallelic TSHR mutations would not absolutely cause TSH elevation, but act as one of the multiple risk factors, modifying the probability of NBS positivity.
Dual oxidase 2 (DUOX2) is a transmembrane protein expressed on the apical membrane of thyroid follicular cells. DUOX2 produces hydrogen peroxide (H 2 O 2 ), which is required for iodination of thyroglobulin. DUOX2 gene mutations, which follow autosomal recessive inheritance, are the most common genetic cause of CH in Japan (14) . Recently, an NBS-positive case with monoallelic TSHR mutation and monoallelic DUOX2 mutation in the same individual has been reported (15) , but the biological effect of coexistence of these two monoallelic mutations has not been quantitatively clarified.
In this study, to demonstrate the significance of monoallelic TSHR mutations in CH, we applied statistical approaches (e.g., odds ratio (OR) and Bayes' theorem (16) ) that are typically used to analyze multifactorial diseases in which multiple factors contribute to disease risk with smaller effects (17, 18, 19) .
Subjects and methods

Study subjects
CH is a heterogeneous disease with various degrees of severity. Hence, definition of CH can be arbitrary and varies between the studies. In the present study, for simplicity, we defined CH by NBS positivity with following two criteria: (i) having a positive result in NBS and (ii) having serum TSH level equal or more than 5 mU/L at least once. Thus, the study subjects include permanent CH and transient CH. We exclude patients with chromosomal abnormalities, central hypothyroidism or offspring of mothers with Graves' disease.
This study was approved by the Ethics Committee of Keio University School of Medicine. We obtained written informed consent for participating in the study from the subjects and/or their parents. Peripheral blood samples derived from 395 primary CH patients (belonging to 368 families) were sent to us for molecular diagnosis of genetic CH from 33 institutions in Japan. Out of the 368 families, 19 families had two CH patients and four families had three CH patients. This cohort includes 102 patients that have been previously reported (10, 14, 20) .
Mutation detection
For all subjects, all 10 coding exons and flanking introns of TSHR were analyzed by PCR-based direct sequencing as previously described (10) . As for monoallelic TSHR mutation carriers, we further sequenced all 33 coding exons and flanking introns of DUOX2 as previously described (14) . The detected variants were referred for the Human Genetic Variation Database (http://www. genome.med.kyoto-u.ac.jp/SnpDB/; Japanese genetic variant database), the 1000 Genomes Project database (http://www.1000genomes.org/) and the ESP6500 exome database (http://evs.gs.washington.edu/EVS/). We regarded a variant as benign polymorphism, if the allele frequency of the variant exceeds 0.01 in one or more of the databases.
As for DUOX2 p.H678R, which is a functional SNP with allele frequency 0.035 (14) , we conducted statistical analyses under two conditions (exclude or include the variant as a mutation). In this article, we show the data excluding the DUOX2 p.H678R. The data including the variant, providing similar results, are shown in the Supplementary data published as Supplementary data given at the end of this article.
Functional assessment of TSHR variants and DUOX2 variants
Detailed experimental procedures are available in the Supplementary data. To verify the pathogenicity of previously uncharacterized amino acid-altering variants with allele frequency <0.01, we conducted expression experiments using human embryonic kidney 293 cells.
The expression vectors for human TSHR, DUOX2 and dual oxidase maturation factor 2 (DUOXA2) have been reported previously (10, 14) . The DUOXA2 is required for the maturation and transport of DUOX2 from the endoplasmic reticulum to the plasma membrane. The expression vectors for R519H-TSHR, L669H-TSHR, A705Dfs*24-TSHR, E327*-DUOX2, K530*-DUOX2 and V779M-DUOX2 were created by site-direct mutagenesis (QuickChange II XL Site-Direct Mutagenesis Kit; Agilent). All final constructs were verified by direct DNA sequencing.
For assessment of TSHR variants, TSH-dependent activation of Gs-coupled signal transduction was studied with a luciferase reporter responding to intracellular cAMP level (pGL4.29; Promega). For assessment of DUOX2 variants, H 2 O 2 -producing capacities were studied in the presence of cotransfected DUOXA2 with the use of the Amplex Red Reagent (Life Technologies).
The activity of each variant was expressed as the percentage (mean ± s.e.m.) of wildtype activity. Data are representative of three independent experiments (each performed in triplicate) with similar results. Welch's t-test was used for comparisons of the activities. P < 0.05 was considered statistically significant.
The frequency of monoallelic TSHR mutation carriers and double heterozygotes (monoallelic TSHR mutation carriers that had an additional monoallelic DUOX2 mutation) in the Japanese general population
We previously estimated the frequency of monoallelic TSHR mutation carriers in the Japanese general population as 0.58% (1:172) by applying the Hardy-Weinberg equation to the frequency of biallelic TSHR mutations (10) . The frequency of permanent CH or transient CH due to biallelic DUOX2 mutations has been reported to be 1:44 000 or 1:29 600, respectively (14, 21) . We calculated the frequency of double heterozygotes in the Japanese general population by multiplication of the frequencies of monoallelic TSHR mutation carriers and DUOX2 mutation carriers including permanent CH and transient CH, providing the estimated frequency of 0.0087% (Supplementary data).
Statistical analyses
For our analysis, we assumed that the probability of NBS positivity was 1:2975, which is based on the observation of the frequency within the general population of Japan. These data were derived from Kanagawa prefecture, Japan, collected from 1979 to 2014 (838/2 493 200, our unpublished data). The frequency of patients with each mutation in the CH patients and its exact 95% confidence interval (CI) were estimated. One sample Z-test was used to compare the frequency in CH patient population P with the theoretical value P 0 in the general population (H 0 : P = P 0 ). We calculated the OR for NBS positivity associated with the mutation status (monoallelic TSHR mutation; double heterozygotes) by two-by-two tables. We estimated the 95% CI for the OR using a normal approximation by the delta method. To estimate the posterior probability of NBS positivity in mutation carriers, we used Bayes' theorem (16, 17) . We defined the parameters as follows:
We estimated the posterior probability of NBS positivity in monoallelic TSHR mutation carriers (X: NBS positivity, Y: carrying monoallelic TSHR mutation) and the posterior probability of NBS positivity in double heterozygotes (X: NBS positivity, Y: carrying double heterozygous mutations).
The difference in serum TSH levels and in serum-free thyroxine (FT4) level were examined using the Mann-Whitney U test, only in those groups with N > 5.
Results
Characteristics of the subjects
In this study, 395 CH patients (192 males, 203 females) were enrolled. The characteristics of the subjects are summarized in Table 1 . The median age at the last observation was 12.9 years. The 58 patients had a family history of CH. Thyroid dysgenesis (i.e. thyroid ectopia, aplasia and hypoplasia) was observed in 121 patients. Thirty patients had goiter and 153 patients had in situ normal-sized thyroid gland. Thyroid morphology was not evaluated in 91 patients. The thyroid sizes were measured by ultrasonography in 139 patients (22) . Median bloodspot TSH level on NBS was 38.9 mU/L. The median serum TSH level at reevaluation with stopping therapy at age 1 or more year was 8.6 mU/L. Two hundred seventy-eight patients had permanent CH, 68 had transient CH and 49 patients lacked data about type of CH.
Detection and functional assessment of TSHR mutations and DUOX2 mutations
Using PCR-based direct sequencing for 395 subjects, we found nine biallelic TSHR mutation carriers (data not shown) and 26 monoallelic TSHR mutation carriers ( Supplementary Fig. 1 and Table 1 ). In the 26 monoallelic mutation carriers, we detected five previously reported mutations (p.G132R (10), p.A204V (10), p.R450H (10), p.R519H (23) and p.A553T (5)) and two novel sequence variants (p.L669H and p.A705Dfs*24). In the three TSHR variants, TSH-dependent activation of the cAMP pathway was markedly lower than that in wildtype ( Fig. 1A) .
For the 26 patients with a monoallelic TSHR mutation, we further sequenced DUOX2. Surprisingly, we found that four out of 26 had an additional monoallelic DUOX2 mutation (double heterozygotes). In the four double heterozygotes, we detected three previously uncharacterized amino acid-altering variants (p.E327* (24), p.K530* (25, 26) and p.V779M (27) ). The DUOX2 variant (V779M) was described as a splice variant in 1000 Genomes Project database (rs145061993, allele frequency of Japanese 0.007). E327*-DUOX2 and K530*-DUOX2 had negligible H 2 O 2 -producing capacities. The V779M DUOX2 showed partial but statistically significant reduction in H 2 O 2producing activity (76 ± 14%, P = 0.02 by Welch's t-test) (Fig. 1B) . Because of splice site variant, the V779M is estimated to produce abnormal protein or not be able to produce the protein.
Clinical phenotypes of the mutation carriers
The 22 monoallelic TSHR mutation carriers without monoallelic DUOX2 mutations had relatively uniform clinical phenotypes ( Supplementary Table 1 ). There were two sets of siblings (from two separate families) with CH. They had marginally small or normal-sized thyroid gland in situ, and their serum TSH levels at reevaluation were normal to slightly elevated (median: 6.3 mU/L (interquartile range: 4.4-9.3)). Their serum TSH levels initially and at reevaluation were significantly lower than those in the remaining patient group ( Fig. 2A and B) , while their FT4 levels initially and at reevaluation were higher than those in the remaining patient group (Fig. 2C  and D) . The reference values depicted in the figure are from Nelson et al (28) . 16 out of 22 were treated with levothyroxine, and four of them withdrew from treatment after reevaluation. Patient 1 (a 5-year-old girl; TSHR p.R450H, DUOX2 p.E327*) was born after 38 weeks of gestation with birth weight 3108 g (+1.2 s.d.). At initial evaluation, her serum TSH level was slightly high (14.1 mU/L) with a normal-serum FT4 level. She had mild intermittent hyperthyrotropinemia (ranging between 3.5 and 8.9 mU/L), and had not been treated. At age 5 years, ultrasonography revealed marginally small thyroid gland in situ (−1.7 s.d.). She presented normal growth and development.
Patients 2 and 3 (9-year-old boys; TSHR p.R450H, DUOX2 p.K530*) were monozygotic twins born after 33 weeks of gestation. Patient 2 was an appropriate-forgestational-age infant (1850 g, −0.3 s.d.), while Patient 3 was a small-for-gestational-age infant (974 g, −3.5 s.d.). Blood-spot TSH levels of Patient 2 in NBS at age 30 days were slightly elevated (14.0 mU/L). Patient 2 had a normal-serum TSH level (4.9 mU/L) on first evaluation at age 40 days. He was not treated with levothyroxine due to a persistent slight elevation of TSH (ranging between 1.4 and 7.2 mU/L). He had marginally small thyroid on ultrasonography (−1.9 s.d.) at age 1 year. Patient 3 was a donor of twin-to-twin transfusion syndrome and had signs of fetal distress. Thus, the twins were delivered by an emergency cesarean section at 33 weeks of gestation. Patient 3 had a high-serum TSH level (85.3 mU/L) on initial evaluation at age 37 days. He was treated with levothyroxine. At age 3 years, when we reevaluated his thyroid function with stopping therapy, he had a normal-serum TSH level (3.3 mU/L) and had a normal thyroid function thereafter. The thyroid size was normal (−0.4 s.d.) by ultrasonography. Patients 2 and 3 were growing normally and were developing satisfactorily. A family analysis showed that their mother was a double heterozygote ( Fig. 3 family 2 I-2 ). She did not have a history of thyroid disease. Her thyroid function was normal.
Patient 4 (an 11-year-old girl; TSHR p.R450H, DUOX2 p.V779M) presented with unidentified intrauterine growth retardation and was born as a small-forgestational-age infant (534 g, −3.4 s.d.) at 27 weeks of gestation. Her blood-spot TSH level at age 10 days was slightly elevated (13.6 mU/L; age-specific ref.: <15) and serum FT4 was low (0.8 ng/dL; age-specific ref.: 0.9-2.3). Because she was extremely premature, this TSH level seemed to be hypothyroxinemia of prematurity. Her blood-spot TSH level, when she had rescreening at age 55 days, was elevated (64.5 mU/L). Her serum TSH level at age 60 days was also elevated (164.5 mU/L, regarded as initial evaluation at 36 weeks post-conceptual age) with a normal FT4 level (1.2 ng/dL). She received levothyroxine replacement therapy immediately after the diagnosis of CH. At age 6 years, reevaluation of thyroid function with stopping therapy showed a slightly high-serum TSH level (9.0 mU/L) with a normal-serum FT4 level. She did not need levothyroxine treatment thereafter, but had mild intermittent hyperthyrotropinemia (ranging between 4.8 and 7.0 mU/L). Her thyroid was small (−2.7 s.d.) on ultrasonography at age 6 years. She was growing normally and was developing satisfactorily.
Family studies of the double heterozygotes revealed three additional double heterozygotes ( Fig. 3 family 2 I-2 , family 3 I-2, II-3). They did not have a history of thyroid diseases and had normal thyroid function.
Statistical analyses of monoallelic TSHR mutations and double heterozygotes
The frequency of monoallelic TSHR mutation carriers in the CH patient cohort was 6.6% (26 out of 395 CH patients) (95% CI, 4.3-9.5%), which was significantly higher than that in the Japanese general population (P < 0.001, Z-test for H 0 : true frequency = 0.58%) ( Supplementary Fig. 2A ). The OR for NBS positivity associated with carrying a monoallelic TSHR mutation was 12.0 (95% CI, 8.1-18.0). As for double heterozygotes, the frequency in CH patients was 1.0% (4 out of 395 CH patients) (95% CI, 0.28-2.6%), and it was significantly higher than that in the Japanese general population (P < 0.05, Z-test for H 0 : true frequency = 0.0087%) ( Supplementary Fig. 2A ). The OR for NBS positivity associated with double heterozygotes was 117.9 (95% CI, 13.1-1057.2). Here, the 95% CI for the OR was shown as reference, although the prevalence in non-CH population, namely in the Japanese general population, was predicted from an external research (10, 14, 21) . Next, we analyzed the frequency of monoallelic TSHR mutations and double heterozygotes in the context of its distribution in families. We did this analysis because some of our research subjects are siblings (19 families had 2 CH patients and four families had 3 CH patients out of a total of 368 families). The frequency of monoallelic TSHR mutation was 6.3% (23 out of 368 families) and of double heterozygotes was 0.8% (3 out of 368 families). From this analysis, we estimated the OR associated with monoallelic TSHR mutation or double heterozygotes as 11.4 (95% CI, 7.5-17.4) or 94.7 (95% CI, 9.8-912.7), respectively. These results of the OR estimated treating family as a unit were comparable to those in entire population treating each patient to be independent.
As for all CH patient cohort (395 CH patients), we estimated a posterior conditional probability of NBS positivity given the monoallelic TSHR mutation and double heterozygotes by Bayes' theorem. A posterior conditional probability of NBS positivity given the monoallelic TSHR mutation (26 mutation-positive patients out of 395 CH patients) and the probability of NBS positivity given the double heterozygotes (4 mutation-positive patients out of 395 CH patients) was 0.38% and 3.8%, respectively (Supplementary data for details of the calculation) ( Supplementary Fig. 2B ).
Discussion
In the present study, we used a statistical approach based on the frequencies of mutation carriers in a CH patient cohort and the Japanese general population to define the pathological role of monoallelic TSHR mutations. We demonstrated that monoallelic TSHR mutations are actually associated with NBS positivity, increasing the probability by 12 times. However, due to the rarity of CH (about 1 in 3000), the estimated probability of NBS positivity in monoallelic TSHR mutation carriers was fairly low (0.38%). These data would be useful for conducting more appropriate genetic counseling. 
Biallelic-inactivating
TSHR mutation carriers invariably develop CH, while only a minor subset of monoallelic mutation carriers does. It is reasonable to speculate that monoallelic mutations in TSHR, which act as a sensor for TSH, shifted the distribution of serum TSH levels toward higher values ( Supplementary  Fig. 3) . Consistent with the shift-distribution model, few monoallelic TSHR mutation carriers found in the present study had overt hypothyroidism at reevaluation (Fig. 2B) . This 'distribution-shift' model also agrees well with the low estimated probability of CH affection in monoallelic TSHR mutation carriers (0.38%), because the TSH levels of most monoallelic mutation carriers are expected to remain within normal range in the model ( Supplementary Fig. 3) .
The most significant observation of this study is unexpectedly high frequency of additional monoallelic DUOX2 mutations among monoallelic TSHR mutation carriers. OR for NBS positivity associated with double heterozygotes was 117.9, which was 10 times higher than the one associated with a monoallelic TSHR mutation alone. These data can be interpreted as synergy between the two gene mutations. Since DUOX2 is the same thyroid hormone-producing pathway with TSHR, we speculated that NBS positivity may have increased synergistically. In this study, serum TSH levels of the double heterozygotes were variable in their neonatal period, implying the presence of additional factor(s) affecting the thyroid hormone-producing capacity after birth. For example, Patients 2 and 3 were monozygotic twins (namely identical genetic background), but the birth weight was substantially discordant. The serum TSH levels were also discordant between the two: Patient 3 with low birth weight had a higher serum TSH level than Patient 2. Similarly, Patient 4 was born as a premature infant and had CH, while her sister, who was also a double heterozygote, was born at term and did not have CH. These observations indicate that the onset and/or the severity of CH in double heterozygotes could be further influenced by prematurity at birth (29) .
In our 'distribution-shift' model ( Supplementary  Fig. 3 ), monoallelic TSHR mutation carriers that had a positive result in NBS are at the right end of the distribution and would likely have additional factor(s) negatively affecting the thyroid hormone-producing capacity. We showed statistical and descriptive evidence that monoallelic DUOX2 mutations and prematurity at birth act as such factors. Another prediction from the 'distributionshift' model is that the disease would be mild in CH (TSH < 10 mU/L) due to accumulation of the risk factors (e.g., monoallelic mutations in the autosomal recessive loci and prematurity at birth). Consistent with the prediction, clinical phenotypes of the 26 monoallelic TSHR mutation carriers, including four double heterozygotes, were mild. These results indicate that the TSH elevation is more sensitively influenced by the other factor of monoallelic mutations in the neonatal period than in childhood.
In conclusion, we defined the pathologic role of monoallelic TSHR mutations by applying a statistical approach to a large-scale patient cohort. Monoallelic TSHR mutations are strongly associated with NBS positivity, but most monoallelic mutation carriers remain screening negative due to the rarity of CH. We also showed that the probability of NBS positivity associated with monoallelic TSHR mutations is further modified by monoallelic DUOX2 mutations, and possibly by prematurity at birth. We presume that some portion of the etiology of mild CH is explained by the accumulation of the risk factors with a mild biological effect. A statistical framework would be further required for better delineation of the mechanisms underlying mild CH.
